Submitted for publication October 12, 1994 The rat and mouse mesenteries consist of an array of thin, mesenchymally derived, connective tissue membranes. Perforations of rat membranes heal by closure within a week and the perforated rat mesentery has earlier been shown to be a very suitable model oftrue connective tissue repair. In the present study, the closure ofperforations in the rat was studied by light and transmission electron microscopy as well as confocal microscopy alter actin staining with phallacidin in arder to better understand the cellular mechanisms of healing in this modelo The healing of different sized mesenteric perforations was also quantitatively assessed and compared in rats and mice. Closure occurred rapidly between Days 5 and 7 in rats, the ' --the size of the wounds. During -in size during the 3-week observation period, but very seldom closed completely.
In conclusion, the data gathered now and earlier indicate that a contraction phenomenon is of majar importance in the closure of rat mesenteric perforations. Until now, good models for genuine connective tissue contraction have been lacking and it is sug. gested that the perforated rat mesentery may be used as such a model system in the future. The lindo ing that mouse mesenteric perforations normally do not heal will make comparative studies intriguing, but it al so indicates basic differences between rats and mice with respect to connective tissue repair mechanisms.
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single layer of mesothelial cells. The membranes are delimited by the small intestine and the vessels that run from the mesenteric root to the intestine. Mesenteries are normally almost avascular [8, 9] and receive their nourishment by diffusion from the peritoneal fluido Perforations made in the central part of the mesenteric membrane with a scalpel he al by closure during 5-7 days leaving only a small area of scar tissue [3] . Maximally about 20 perforations can be made in each animal. Most models for tissue repair consist of body surfaces, such as skin or gastrointestinal mucosa. Healing in such locations can be regarded as having two major divisions-epithelial tissue repair and connective tissue repair [10] . A disadvantage of wound healing models using body surfaces is, however, that substances secreted from the covering epithelium, such as collagenases [11] , and other factor s produced by epidermal cells interfere with fibroblast proliferation and migration in vitro [12] and thus may influence the repair ofthe connective tissue. To overcome this, wound chambers or sponges, which have artificially created spaces that will fill with granulation tissue, have been implanted subcutaneously. However, implantation of rigid foreign material does not allow connective tissue contraction and may stimulate a foreign body reaction. The perforated mesentery wound model overcomes many of these limitations. The perforations heal in a protected environment of constant temperature and humidity and without influence by epithelial cells and foreign body material. AIso, since the mesentery is completely derived from the mesenchyme, its healing may be considered as genuine connective tissue repair.
In the present paper the mesentery model is described and new data presented on the healing of perforations, including ultrastructural findings and the expression of actin in fibroblasts at the wound edge. Data from experiments with mouse mesenteric perforations, which normally do not close, are given as well. The results are discussed in terms of the applicability of the model to studies of connective tissue repair and its possible mechanisms. INTRODUCTION We have used the perforated rat mesentery model for several years to study connective tissue cell biology, especially connective tissue repair [1] [2] [3] [4] [5] [6] . The mesentery of the rat consists of an array of thin connective tissue membranes, approximately 20-30 Jlm thick [7] , which are covered on both surfaces by a Animals. Male Sprague-D!lwley rats and NMRI mice were used (AB Anticimex, Stockholm, Sweden). Rats weighed between 140 and 160 g and mice between 26 and 32 g at the start of experiments. They were kept under standardized laboratory conditions [13] , red standard pellets for rats and mice, respectively (AB AstraEwos, Sodertalje, Sweden), and had free access to water.
Operatiue procedures. The experiments were authorized by the Local Animal Care and Use Committee appointed by the Central Laboratory Animal Committee of the Swedish Authorities.
Mesenteric perforations (Fig. 1) were created as previously described in detail [3] . A 1-to 2-cm-Iong midline incision was made in the abdomen of anesthetized rats (Rompun/Ketalar, 1/4) or mice (ether) and the small intestine was lifted up with two forceps to expose the mesentery. Every third mesenteric membrane was then perforated centrally with either # 15 scalpel (Swann-Morton, Sheffield, England) or with an injection needle measuring either 0.6 or 2.1 mm in diameter (Becton-Dickinson, Stockholm, Sweden). A total of 6-12 perforations were made in each mouse.. consisting of 2-4 each with either of the two needles or the scalpel. In rats, 4-6 perforations were made with each device, giving a total of 12 to 18 perforations per rato The abdominal wall was then closed with continuous Dexon in the línea alba and Suturamid in the skin. Three rats or mice were operated for each day studied,.
Control membranes from three rats and mice were cut out immediately after perforation to assess the original size of the perforations. On Days 3, 4, 5, and 7 after operation in rats and postoperative days 3, 5, 7, 10, 14, and 21 in mice, the animals were decapitated under ether anesthesia. The abdomen was opened and the whole small intestine with its mesentery was cut out and fixed in neutral, buffered formalin.
Estimation of healing and size of perforations. After fixation for several days, the number of closed perforations was assessed visually using a dissection microscope. The perforated mesenteric membranes were then cut out separately, gently spread out on a flat surface, and the image of the perforation red into a Macintosh computer through a video camera mounted on the microscope. The area of open perforations was then assessed using the image analyBis program, NIH Image 1.49.
Electron microscopy. Rats were anesthetized as described above, the thoracic cavity was opened, and 100 mI 2% glutaraldehyde in 0.1 M sodium-cacodylate-hydrochloric acid buffer (CAC) with 0.1 M sucrose and 2% polyvinylpyrrolidone (PVP, molecular weight 44,000 Da) was perfused through the left cardiac ventricle and aorta at 37°C during 2 min and at a constant hydrostatic pressure of 110 mm Hg while the right auricle was opened. The pH of the fixative was 7.2 and the total osmolality 500 mOsm (vehicle osmolality, 300 mOsm). During perfusion the abdominal cavity was filled with the fixative. The meseliteric windows were then cut out and immersed in the fixative for several days. They were postfixed in 1% osmium tetroxide in 0.15 M GAG, stained en bloc in 2% uranyl acetate in water, and embedded in Epon 812. Sections were cut perpendicularly tó the mesenteric surface. The specimens were examined in a JEOL 1200 transmission electron microscope and photomicrographs taken.
Confocal microscopy. Mesenteric membranes were spread on microscope slides and dried for 5-10 mino They were then fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 hr and stored in PBS. Slides were dried for 60 min at 70°C and stained with 0.05% pontamine sky blue 5BX(BDH Chemicals Ltd., Poole, England) in PBS with 1% DMSO tochange the autofluorescence of collagen to wavelengths above 590 nm [14] . Filamentous actin was then stained with 0.6 }lg/ml BODIPY -phallacidin (Molecular Probes, Eugene, OR) for 20 min, activated at 488 nm, and emission fluorescente studied at 510-525 nm using a Zeiss LSM 410 Inverted Confocal Laser Scan Microscope.
Statistics. The Wilcoxon's rank sum test was used to assess the significance of the difference between groups. In Borne instantes, as indicated in the text, the resulta from different days were weighed
Photomicrographs ofmesenteric spread preparations (Toluidine blue) at 6 days (a, 190x) and 10 days (b, 50x) after operation. At 6 days postoperatively the perforation is stillopen and the surrounding mesentery shows an increased cellular density. At 10 days, the perforation is closed and replaced by star-shaped scar tissue.
together in arder to obtain a comprehensive test using Nan Elterens method [16] . A probability value of less than 5% (P < 0.05) was considered to be significant. smallest perforations at the end of the observation period. The area of the entire perforated membrane alBo decreased significantly on Days 14 and 21 (P < 0.003) ( Table 4) .
RESULTS

DISCUSSION
The present study describes the healing of mes enteric perforations in rats and mice. The perforated rat mesentery has previously been presented as a model for studies of genuine connective tissue repair [1] [2] [3] [4] [5] [6] . In the rat perforations of the thin mesenteric membrane heal by closure within a week [3] , depending on the original size of the perforations. In contrast, in mice, larger perforations diminished in size during the 21-day observation period, but most of the them did not close, irrespective of original size. The morphology of fibroblasts clase to the margin .
well as long slender cytoplasmic processes ..and arranged parallel to
The mesenteric membranes are not rigidly anchored to the surrounding tissue, but move freely in the peritoneal cavity, and contraction of the membranes wiIl not be physicaIly restrained. Contraction of connective tissue is an important characteristic of tissue repair and there are different theories that try to explain this process. During fibrocontractive states "myofibroblasts" appear. These ceIls have been considered to be a key ceIl to the understanding of retractile phenomena [17] . Myofibroblasts havebeen proposed to join through cytoplasmic extensions while forming a syncytium that transmits tractional forces to the surrounding tissue [18] . Another theory suggests that fibroblasts promote coIlagen reorganization by moving coIlagen fibers during migration in the wounc area [19] . In the perforated -1 increase in actin filaments -.,.
--postoperatively, coinciding with the start oí the rapidphase oí closure.
-
The mesenteric membrane is a very thin and translucent membraneous tissue (Figs. 1 and 3 ) and it is easily perforated when lifted up (Fig. la) . Maximally about 20 perforations can be made in each animal or, better, 10 if every second membrane is left intact as an internal control (Fig. lb) . As the perforations close, the margins be come thicker and more cellular, as can be seen in a spread out specimen of a 6-day-old perforation (Fig. 2a) . Eventually the perforation closes and leaves a small scar (Fig. 1c) , which is starshaped, as seen in a spread preparation of a 10-day-old perforation (Fig.  2b) . The membrane can alBo be sectioned perpendicularly rations occurs either with (Fig. 3c) or without ( During closure, the cells clase to the margin of the perforation show a substantial accumulation of F -actin in fibroblasts (Fig. 4a) in a band parallel to the margin (Figs. 4a and 4c) . Outside the area closest to the margin, F-actin bundles form more haphazardly (Fig. 4b) . Many collagen fibers clase to the margin have a wrinkled appearance, possibly due to contraction of cells in the area (Fig. 4d) . illtrastructurally, the fibroblasts at the margin show long slender cytoplasmic processes (Figs. 5a and 5b) that correspond to the bundle s ofFactin observed after phallacidin staining.
A comparison of the rate of closure of different sized perforations in rat mesenteries is shown in Table 1 . Smaller perforations closed within 3-4 days, whereas most larger perforations made with a scalpel closed between Days 5 and 7. Measurement <}fthe size ofperforations assessed on different days after operation (Fig. 6) shows that perforations decrease in size until closure. The size of perforations made with a scalpel -showed a higher variation thán those made with nee-sponamg to tne slender cytoplasmic processes oDserved dles. Measurement ofthe area ofthe entire mesenteric by electron microscopy. Such processes are morphologimembrane (Table 2) showed no significant differences cally similar to those offibroblasts in contracting collabetween groups.
; gen gels in vitro [20] . Accumulation offilamentous actin Although perforations of mouse mesenteries devel-around wounds and "purse string closure" has been oped a slightly thickened wound edge, it was less thick observed in epithelial cells both in vitro [21] and in than in rats (Fig. 7) . In contrast to rats, very few perfo-embryonic woundhealing in vivo [22] . Also during corrations in mouse mesenteries closed completely during neal wound contraction, filamentous actin of myofithe 3-week observation period ( Table 3 ). The sizes of broblasts organize into planes parallel to the wound the original perforations were similar to those in rats surface [23] . By morphometric ultrastructural analyses (Figs. 6 and 8) . However, the size of the smallest perfo-we have earlier founda decreased "surface volume denrations remained unchanged during the observation sity" of the cells clase to the wound margin in impaired period (Fig. 8) , whereas larger perforations gradually healing caused by zinc-deficiency [24] . This means a decreased in size until they reached the size of the reduced surface to volume ratio in the cells, implying that fibroblasts have a reduced number oí cytoplasmic processes in impaired healing which indicates decreased cell motility. Similar results have algo been obtained during delayed healing in streptocotozin-induced diabetes [25] . The cellular changes observed during mesenteric healing are thus similar to those íound in connective tissue contraction, both in vivo and in collagen gels in vitro. There is a need for animal models in order to better understand the mechanisms of contraction, and today no such in vivo models appear to existo The perforated mesentery, however, appears to fulfill the requirements for being a proper model for the evaluation of genuine connective tissue contraction.
Other major mechanisms involved in tissue repair FIG. 4 . Photomicrographs of mesenteric spreads 5 days postoperatively stained with phallacidin-BODlPY and pontamine sky blue (540x). In (a-c) F-actin fluorescence is recorded and in (d) collagen autofluorescence after pontamine sky blue staining is viewed in the same area as in (c). Actin filaments clase to the margin are mostly arranged parallel (a, c) in contrast to the haphazard arrangement away from the perforation (b). Many collagen fibers in focus show a wrinkled appearance (d), possibly due to contraction in the area.
achieve a better understanding of the principal events that control connective tissue repair. Since the mesenteric membrane is mostly avascular, the leucocytes of the peritoneal cavity may directly influence the membrane healing and can, therefore, be regarded as wound are an influx of leucocytes into the wounded area during the inflammatory phase o( wound healing and fibroblast proliferation and angiogenesis during the proliferative phase. Those mechaÍlisms of healing have algo been studied earlier in the mesentery model to 28.9:!: 2.5 5 7 Note. Each value represents 12-18 perforations froro three rats. Mean :!: SE.
Note. Each value represents 12-18 perforations fraro three rats. Mean :t SE.
observations), and reduced after TGF-f3 treatment, which stimulates closure [4] . Fibroblast and mesothelial cell proliferation increases early after wounding but is reduced in impaired healing in diabetic rats [29] . In contrast the proliferation of mesenteric cells is slightly enhanced in impaired healing caused by zincdeficiency [1] and in EGF-stimulated healing [30] . These effects on cell proliferation are, however, mostly observed before closure, and proliferation in the wounded area during closure on Days 5 to 7 postoperatively is clase to basallevels. The damage to mesothelial cells occUI;:S in a very small area at the wound margin, and these cells constitute only a very thin cellular layer at the site of the healing perforations. It is, therefore, unlikely that they contribute to a significant degree to the closure of perforations. As mentioned earlier, the mesenteric membranes are mostly avascular [8, 9] . An increased vascularity ofthe perforated membranes is often observed from Days 7 to 10 postoperatively, i.e., after closure oí most of the perforations, but about 50% of the perforations clase without being vascularized [8, 9] . Obviously they heal while obtaining their nutritional needs from the peritoneal cavity. These findings thus indicate that none of these significant mechanisms of regular wound repair mentioned above appear to be major contributors to connective tissue repair in this modelo
The mesenteric membranes of mice are slightly smaller than those of rats but of a similar anatomical structure. A most interesting finding in this study was that mesenteric perforations in mice do not normally close. Only up to 20% of the perforations were closed on Day 14 postoperatively, whereas, possibly by a 13 "-' Photomicrographs ofthe margins ofmesenteric perforations cut perpendicularly to the surface (Toluidine blue; 390x)o The margin of a 21-day-old perforation in mouse is seen in (a) and in (b) a 5-day-old perforation in rato Note the greater cellularity and earlier formation of healing tissue in rat perforationso responsible for connective tissue contraction of different causes is incomplete and in vivo models of genuine connective tissue contraction are lacking. In the present paper, the perforated rat mesentery is presented as a novel model system to study genuine connective tissue contraction. The fact that perforations in rat, but not mouse, close make the model suitable for comparative studies in arder to better understand cellular mechanisms in connective tissue contraction, but algo demonstrates that there are basic differences between rats and mice regarding connective tissue repair.
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The skillful technical assistance of Mrs. Nayer Ghassemifar is gratefully acknowledged. The study was supported by grants from the Swedish Medica! Research Council, Project. No. 9881. chance, no perforations were closed on Day 21. The perforations diminished in size, possibly due to a contraction ofthe entire membrane, but did not close completely. However, they do have the ability to close and show this capacity to a substantial degree when exposed to TGF-{31 (unpublished observation). Since the tissue of the rat and mouse are structurally very similar, comparative studies on connective tissue repair may reveal basic mechanisms in such repair and give new insights into the mechanisms oftissue contraction. The finding that the smallest perforations closed within 3 days in rats and that closure of such perforations was exceptional in mice during the 3-week observation period points to basic differences between connective tissue repair in rats and mice, two species often used to study wound healing. This indicates the need for caution when interpreting data and algo when extending them to humans.
Common wound healing mostly involves an element of connective tissue contraction and disordered healing of burn wounds may result in extensive scar contracture. Our knowledge of the cellular mechanisms 
